Well-defined, silica-supported molybdenum oxo alkyl species, (SiO-)2Mo(=O)(CH2 t Bu)2, was prepared by the selective grafting of Mo(=O)(CH2 t Bu)3Cl onto a silica partially dehydroxylated at 200 °C using rigorous surface organometallic chemistry approach. The immobilized bipodal surface species, partly resembling to the active species of industrial MoO3/SiO2 olefin metathesis catalysts, exhibited excellent functional group tolerance in conjunction to its high activity in homocoupling, self and ring closing olefins metathesis.
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Olefin metathesis holds an important role in the synthesis of C=C bond containing molecules. Large scale industrial processes employ olefin metathesis in the on-propose propylene production and fabrication of -olefins. 1 Moreover, the versatility of this reaction offers a clean and easy access to polymers, 2-4 natural products and fine chemicals. 5, 6 Typical olefin metathesis catalysts are based on Mo, W, Re and Ru. Homogeneous catalysts based on the aforementioned metal complexes have been extensively exploited (except the Re system). [7] [8] [9] Highly active, as well as stereo-selective homogeneous catalysts have already been reported. 10, 11 However, current challenge in the search of novel olefin metathesis catalyst lies on the development of cheap, highly active, stable and selective heterogeneous catalysts with high tolerance towards functional substrates. Although homogeneous catalysis remains central in certain applications, in particular for the Ru-based catalysts, 12 an heterogeneous system presents several advantages: facile separation of the products from the catalyst, working under continuous flow (gas and liquid substrates), regeneration of the catalyst and finally easy avoiding contamination of the corresponding transition metal in the products. Supported Re based catalysts are generally highly active, even at low temperature, but suffer from rapid deactivation. [13] [14] [15] Even though the active Re center can be dramatically stabilized after chlorination of the support, 16 the cost of this element is still high. The remaining options (Mo and W) have been widely exploited over the decades to produce propylene and -olefins, 1 mainly due to their low cost, robustness and their ability to be regenerated. Generally, Mo is more active than W and can operate at lower temperature. 17 These catalysts are simply MoO3 or WO3 supported on conventional supports, such as silica or alumina. The main drawback of the industrial catalysts is a low concentration of the active metal sites (postulated to be bipodal Mo/W oxo carbene species) 18, 19 after in-situ activation by the olefinic substrate. 17, [20] [21] [22] An evident strategy to increase the concentration of active center is to use alternative synthesis techniques by entering the catalytic center directly from a reaction intermediate namely a carbene or its immediate precursor. The best way to do so is to use surface organometallic chemistry (SOMC), which has shown to be a powerful tool to prepare well-defined organometallic fragment on conventional oxide supports, like silica, 23, 24 silica-alumina, 25 alumina 19 , silicated alumina 26 and zeolite. 27 Bearing in mind that the ancillary oxo ligand has a striking effect in the stability compared to the imido counterpart, [28] [29] [30] we have studied olefin metathesis catalysts based on supported group VI neutral oxo species for several years. [29] [30] [31] [32] [33] [34] [35] [36] [37] Previous investigations on the silica-supported W-oxo system have evidenced that the bipodal [(SiO)2WO(CH2SiMe3)2] 33 pre-catalyst can exhibit superior activity in propylene self-metathesis than the monopodal [(SiO)W(=O)(CH2SiMe3)3] counterpart, 34 as well as the isoelectronic monopodal [(SiO)W(=O)(CH2SiMe3)2OAr] species. 31 Herein, we present the preparation and characterisation of silica-supported bipodal Mo-oxo alkyl species that can be in-situ transformed into highly active olefin metathesis catalyst after contacting with olefinic substrates. The strategy used to access a bipodal molybdenum surface species rely on the grafting of Mo(=O)(CH2 t Bu)3Cl 38 on a silica partially dehydroxylated at 200 °C. This mildly heat treated silica bearing 2.5 OH groups per nm 2 , has proven to selectively lead to bipodal surface species upon reaction with organometallics precursors. 33, [39] [40] [41] [42] The novel material disclosed here was fully characterised and investigated in olefin metathesis. Moreover, a substantial attention has been paid to substrates, especially those containing functional groups and known to be challenging towards this catalysis endeavour. A comparison in catalytic activity to the monopodal Mo-oxo analogue and the W-oxo analogue are provided. Following SOMC strategy, the complex 1 was grafted on silica partially dehydroxylated at 200 °C, with the anticipation 33, 35 that the resulting tris alkyl molybdenum surface species obtained after the Mo-Cl bond cleavage would react with a proximate silanol at an elevated temperature to give the desired bipodal surface species (Scheme 1).
Scheme 1. Reaction of 1 with SiO2-200
The grafting was performed under a similar set of reaction condition that was followed for preparation of monopodal analogue, 30 1/SiO2-700. Following grafting of 1 on SiO2-200 at room temperature, the DRIFT spectrum (Fig. 1) shows the disappearance of free surface silanol groups, although a significant amount of interacting silanols could be observed in addition of the presence of CH stretching bands in the range of 2850 to 3000 cm -1 . Elemental analysis of 1a/SiO2-200 (Scheme 1) reveals the presence of 2.26 and 3.88 wt% of molybdenum and carbon respectively, which correspond to a C/Mo ratio of 13.7. This ratio is closer to the expected value of 15 for a monopodal species, especially if we take into account the high propensity of molybdenum alkyl species to give lower C/Mo ratio by this characterization technique. 30 Gas phase analysis of the volatile shows that in addition of HCl, only a traces of neopentane are released during the grafting of Mo(=O)(CH2 t Bu)3Cl at room temperature. Furthermore, the 1 H MAS spectrum of 1a/SiO2-200 (Fig. 2a) shows the presence of neopentyl ligands as evidenced by the resonances at 2.7 and 1.2 ppm assigned to methylene and methyl group respectively. The 13 C CPMAS spectrum (Fig. 2b) shows only three peaks at 86.4 (CH2 t Bu), 34.9 (CH2CMe3) and 30.6 ppm (CH2CMe3) as expected for a neopentyl ligand. These data are comparable to those of 1/SiO2-700. 30 All the spectroscopic data are in line with the formation of monopodal surface species at room temperature. This behaviour is reminiscent of the reactivity observed with tungsten oxo alkyls, where only monopodal species are formed at room temperature. 33 Therefore the resulting surface species was heated at 80 °C overnight under dynamic vacuum in order to trigger a second silanolysis with an adjacent silanol group. The DRIFT spectrum of 1b/SiO2-200 obtained after heat treatment shows that the interacting silanols have partially been consumed and the C-H stretching bands intensity have significantly been reduced in comparison to 1a/SiO2-200. Elemental analysis of 1b/SiO2-200 reveals a similar molybdenum loading, as expected along with a much lower carbon content, thus giving a C/Mo ratio of 7. (Fig. 2d ) also showed a substantial decrease of 13 C signal intensities which has been attributed to the loss of a neopentyl ligand and also to the diminished mobility of the bipodal complex compared to the monopodal complex. In addition, the potential development of paramagnetic Mo(V) species ( 25% as evidenced by the EPR study, Fig. S1 , ESI) also contributes to the fairly low C/Mo ratio determined by elemental analysis). It is worth noting at this point that the reduced species have neither been observed in monopodal species nor in bipodal tungsten oxo alkyl surface species. This difference with the tungsten analogue can be emphasized by the enhanced reducibility of the molybdenum center. We tentatively explain the reduction occurring from the monopodal to the bipodal surface species, by donor ligand Please do not adjust margins Please do not adjust margins triggered reduction as, i) addition of donor ligand has been reported to initiate one electron reduction is some cases, 43 and ii) previous studies on bipodal species have shown that neighbouring siloxane bridge can interact with the metal center. 44, 45 The structure of the supported complex 1b/SiO2-200 was also studied by EXAFS (Fig. 3 and Table 1 ). The results are consistent with the following coordination sphere around Mo: (i) one oxo ligand at 1.675(8) Å, (ii) ca. two oxygen at 1.937(11) Å, which can be assigned to the siloxide ligands and (iii) ca. two carbon atoms at 2.13 (2) (4) Å for Mo-C). 48 Similar parameters were obtained when fitting the k 2 .χ(k) spectrum. The fit could be improved by adding a layer of further back-scatterers, three carbon and one silicon atoms at 3.16(7) and 3.25(12) Å respectively, attributed to the quaternary carbon of the neopentyl and to the silicon of the surface siloxide ligand and one oxygen at 2.75(3) Å which can be attributed to a surface oxygen from a siloxane bridge of the silica support. This EXAFS study then agrees with the structure (SiO)2Mo(=O)(CH2 t Bu)2 for the silica supported complex 1b/SiO2-200. 17, 49 these results also show that the Mo-based metathesis catalysts are more active than the tungsten analogue and seem to be more tolerant to functional groups. 
